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Abstract 
The present renewed interest on CO2 EOR/EGR is led by an environmental concern. The consequence is that, today, 
we are urgently asked for considering the new CO2 EOR projects in association with CO2 storage. This implies an 
appropriate production well management allowing for delaying the CO2 breakthrough, while one has to keep a great 
concern on the safety issues related to the social acceptance, and to ensure a full economical viability of the CO2 
injection projects. The picture becomes even more complex when it is planned to link various CO2 emission sites to 
various remote CO2 injection sites (typically already produced hydrocarbon reservoirs) through a large CO2 
transportation infrastructure. In such a situation, it will be needed to harmonize in real time the rate fluctuations of the 
CO2 sources and the evolution of the CO2 sink injectivities (closely related to the reservoir pressure), while avoiding 
to meet the surface/transportation equipment limitations. The optimization of such a large system being not solvable 
rigorously, there is a particular interest towards methodologies allowing for a simplified reservoir modeling of the 
CO2 sinks (hydrocarbon field or aquifer). This point has been addressed in the work presented hereafter, which has 
been completed within the frame of the European ECCO project, aiming at providing a techno-economical tool for 
the CO2 value chain analysis. After a review of possible methods of reservoir conceptual modeling, the paper is 
presenting the approach followed for modeling reservoir CO2 EOR/EGR candidates in Central Europe. What is 
emphasized is the quantification of the impact of production constraints on hydrocarbon recovery and CO2 storage, in 
particular by means of an experimental design based tool. In addition, it is shown how some uncertainty on fluid 
miscible behavior can influence the hydrocarbon production.  
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1. Introduction 
Past experience of CO2 injection as an EOR process has brought already a lot of knowledge and know-
how. However, the context has changed since the present renewed interest on CO2 EOR/EGR is led by an 
environmental concern about the impact of greenhouse gas emissions on the earth climate. The 
consequence is that, today, we are urgently asked for considering the new CO2 EOR projects not only for 
producing hydrocarbons, but also in view of reducing the CO2 emissions, i.e. in association with CO2 
storage. This implies an appropriate production well management allowing for delaying the CO2 
breakthrough, while one has to keep a great concern on the safety issues related to the social acceptance, 
and to ensure a full economical viability to the CO2 injection project. 
 
The picture becomes even more complex when it is planned to link various CO2 emission sites (as 
fossil fuel power generation plants) to various remote CO2 injection sites (typically already produced 
hydrocarbon reservoirs) through a large CO2 transportation infrastructure: initially independent CO2 
injection sites become interdependent through the CO2 injection network. In such a situation, it will be 
needed to harmonize in real time the rate fluctuations of the CO2 sources and the evolution of the CO2 
sink injectivities (closely related to the reservoir pressure), while avoiding to meet the 
surface/transportation equipment limitations.  
 
Defining a full plan of development for a given (single) field/reservoir target is a very time consuming 
step, resulting from the iterative search of an economically optimal scenario. Defining full development 
plans for multiple field/reservoir CO2 EOR targets planned to be fed by a large CO2 transportation 
network is unaffordable. For modeling the whole CO2 value chain, there is then a particular interest 
towards methodologies allowing for a simplified reservoir modeling of the CO2 sinks (hydrocarbon field 
or aquifer).  
 
What is expected from the simplified reservoir models is firstly to provide production/injection versus 
time curves, but also to allow for sensitivity studies to a number of parameters. The selection of 
technically relevant parameters depends on the field context, in particular its situation (offshore/onshore), 
and its maturity level. Ideally, the parameterization should be very general, but practically, the number of 
parameters is limited.  
 
The hydrocarbon production estimates are usually following the general trend schematized by 
Robinson & Elliot (2004) [1] and reproduced in Fig. 1. This figure holds for a given development plan. 
Any field redevelopment using a recovery process different from the one initially used (1) can add 
additional reserves through an improved sweep efficiency, (2) may reveal sources of uncertainty not 
evidenced during the field history.  
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Fig. 1. Impact of the production time on the reserve estimates uncertainty  
The work presented hereafter has been completed within the frame of the European ECCO project, 
which aims at providing a techno-economical tool for the CO2 value chain analysis for large scale CO2 
infrastructures [2]. In the Central Europe, many reservoirs have been produced for a long time, and the 
existing equipments are not allowing for considering CO2 injection in all the hydrocarbon traps, 
particularly because of the onshore (populated area) location of the reservoirs. There is no public field 
data bank which could allow for a full inventory of the hydrocarbon fields to be considered as potentially 
candidate to CO2 injection. A pre-selection of the CO2 injection reservoir candidates being then fully 
requested, the followed framework for the Central Europe in the ECCO project has then to use field cases 
pre-selected by operating oil companies. 
 
What is related here is the approach followed for getting simplified modeling of CO2 injection in two 
mature reservoirs, one oil field located in Croatia, one gas field located in Hungary. For both fields under 
study, the time of past production has reduced greatly the uncertainty on the reserves. The geological 
properties have been then considered as rather ascertained. What has been emphasized in the sensitivity 
studies related to the CO2 EOR/EGR project evaluation is the quantification of the impact of production 
constraints on hydrocarbon recovery and CO2 storage, the objective being to get the range of variability of 
hydrocarbon recovery and CO2 storage associated to a range of possible operational scenarios. No 
geological uncertainty has been considered, but the impact of a not fully ascertained reservoir fluid 
behavior has been evaluated.  
 
The mature field cases which have been used to develop a methodology for reservoir conceptual 
modeling are here referred to as "Iva" and "Ursa". Although these names are nicknames, these cases are 
actual cases. Their geology, characterized in particular by a poor vertical connectivity between rather 
heterogeneous reservoir units, can be considered as representative of various fields in stratified and 
compartmentalized reservoirs in Central Europe.  
2. Conceptual Models 
From the reservoir engineering point of view, one possible definition for a conceptual model could be 
the one of Ogbe et al. (2009) [3]: 
 "Conceptual models are designed to solve specific problems in selected sectors of the reservoir. These 
models are built to study production mechanisms, understand the behavior of a particular process in a 
reservoir system, and evaluate the impact of changing input parameters during reservoir modeling. 
Conceptual models can be used as standalone tools for reservoir studies or can be incorporated into the 
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work flow for full field modeling. They are the tools of choice for assessing risks, evaluating the “worst-
case” scenarios, validating the analyst’s intuition, and to support informed decision making". 
 
When addressing the question of an early scoping stage of a CO2 project design, the conceptual model 
can be a scalable CO2 flood performance, obtained from the results (actual or predicted) of a given CO2 
injection project: "The process of scaling up CO2 flood performance in one reservoir involves taking CO2 
flood performance from a similar reservoir and multiplying the performance by scaling variables. The 
similar or analogous reservoir may be another reservoir already under CO2 flood, a pilot CO2 flood in the 
same reservoir, or even detailed CO2 flood predictions from another similar reservoir" [4]. Such an 
approach has been followed by the Kinder Morgan company, their methodology being implemented in 
Excel worksheets such as the one printed on the CD joined to ref. 4. 
 
The difference between the definitions given above holds on the intention of use: the first one is for 
evaluating a given field, the second one for evaluating various fields from the response of a given 
analogous field, this latter approach being often used when reservoir data are missing and/or in case of 
little access to reservoir data (typically when the study is carried out by actors holding no share of the 
asset). 
 
The core of scoping models consists typically in dimensionless production/injection curves. This type 
of approach can be expressed in a very synthetic form by:  
 
Input = scaling variables 
L 
Core = Dimensionless Performance Curves 
L 
Output = Scaled Performance 
 
Typically, the injected reservoir volumes are scaled by the hydrocarbon pore volume, and the 
dimensionless oil recovery is scaled by the volume of initial oil in place expressed at standard conditions. 
 
The dimensionless performance curves are usually tabulated and can be generated from: 
x real past field experience as the dimensionless performance curves provided by the Kinder Morgan 
company ; 
x results of a CO2 EOR/EGR finite difference reservoir simulation at full field scale ; 
x results of a CO2 EOR/EGR finite difference reservoir simulation at the scale of a selected sector in a 
full field reservoir model ; 
x results of a CO2 EOR/EGR finite difference reservoir simulation using a fully synthetic sector model 
with a single injector-producer pair, built to be as representative as possible of a typical sector of a 
given class of field case ; 
x results of a CO2 EOR/aquifer storage analytical model as that proposed by Shaw et al. (2002) [5], and 
more recently, and in more details, by McCoy (2006 to 2009) [6,7,8].  
 
For the Central Europe CO2 EOR candidates, the most appropriate methodology for CO2 EOR 
conceptual modeling has been found to use the Kinder Morgan (KM) approach with dimensionless curves 
corresponding to a field scale response to a CO2 injection, rather than to individual injector/producer pair 
or sector scale response. Finite difference reservoir simulation (using PumaFlow™ software [9]) has been 
used for generating the field scale dimensionless performance curves of: 
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x a baseline scenario, consisting in a continuation of the water injection without any CO2 injection ; 
x a CO2 injection base case ; 
x the extra simulations needed for the sensitivity analysis to the selected production parameters, 
performed using a software based on experimental design theory and response surface methodology. 
  
The KM approach is essentially applicable to oil fields already produced by water drive without 
noticeable pressure effect (stable pressure regime). Such an approach is thus not applicable to gas 
reservoirs, primarily produced by depletion. There is the well known “tank model” approach which is 
usable for a quick evaluation of gas reservoir production by depletion, and, also for a quick evaluation of 
gas/CO2 storage. But simple modeling dedicated to enhanced gas recovery has been found scarcely 
described, the main contribution being the one of Papay (1999) [10].  
 
The approach considered for CO2 EGR has been to keep a dimensionless analysis, using initial gas in 
place expressed at standard conditions for scaling both the gas recovery and the injected CO2 volume, and 
to look for a rough de-convolution between the gas-gas displacement and the pressure evolution 
contributions to the gas recovery.  The procedure used for generating the dimensionless performance 
curves follows that used for the CO2 EOR candidates, using field scale reservoir simulations, the baseline 
scenario consisting simply in a continuation of the depletion (reservoir blow-down). 
3. Oil reservoir case 
3.1. Field presentation 
The Iva field is a mature oil field situated in the North Western part of the Sava depression. The 
reservoir is moderately heterogeneous Miocene sandstones with an average porosity of 22.5 % and an 
average permeability of 56 mDarcy. Only the uppermost interval of the 7 oil producing reservoirs has a 
gas-cap, this interval being not targeted for CO2 injection.  
 
The reservoir oil was initially under-saturated, with a bubble point pressure 45 bar below the initial 
reservoir pressure. The oil production has started by reservoir depressurization. To compensate the lack of 
active aquifer support, water injection has been launched about eight years after the production start. 
After 40 years of production, primary and secondary oil recovery factor, for the CO2 injection targeted 
intervals, was about 33 %, the oil being produced at water-cut above 80 %. With the water injection, the 
reservoir pressure has been maintained close to the initial bubble point pressure. During the field 
production history, 67 wells have been active, 14 being water injectors.  
 
 Thermodynamic data are summarized in Table 1.  
Table 1.  Iva oil case: thermodynamic data  
Reservoir Temperature, °C 98 
Initial Reservoir Pressure@1609 m, bar 184 
Initial Bubble Point Pressure, bar 138 
Stock tank oil gravity , API   33.4 
Average Reservoir Pressure Maintenance, bar 130-140 
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As a CO2 injection should have been near miscible with the initial reservoir oil at the reservoir initial 
pressure, the reservoir oil is no longer under-saturated at the present reservoir state, and cannot be 
dynamically miscible with CO2 at the actual reservoir pressure.  
 
For gaining computation time in the sensitivity studies based on standard reservoir simulations, a 
reservoir model using a slightly coarsened grid has been built on the basis of a finer gridded reservoir 
model, the cell petrophysical properties being obtained in a first step using simple a priori estimators, 
then fitted to match the production history. A compositional fluid modeling has been built using a 
lumping methodology [11] in order to reduce the number of components from twelve to four (CO2 base 
component plus three pseudo-components: "Light", "Intermediate" and "Heavy"). Fig. 2 illustrates the 
ability of the 4-component representation to reproduce the behavior of the 12-component representation. 
 
The full process has allowed for getting a fast running compositional reservoir model, matching nicely 
the production history, and relevant for CO2 injection modeling.  
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Fig. 2. Validation of the 4-component fluid modeling by comparison with the 12-component fluid modeling (a) reservoir fluid phase 
envelope ; (b) CO2 swelling operation at reservoir temperature  
In Fig. 3 where water saturation results are illustrated at a given time of the history period, the position 
of the water injection wells appear clearly, showing the line drive implementation of the secondary water 
injection. A cross-section is also provided for showing the poor vertical connectivity between the 
reservoir units  
 
(a) (b) 
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Water Saturation
 
Fig. 3. Iva case: (a) reservoir grid water saturation results with wells indicated by white spots (water injectors) and black spots 
(producers) ; (b) cross-section showing the lack of vertical connection between the various geological layers. 
The wells considered for the prediction scenarios (baseline and CO2 injection) are those which are 
active at the end of the history period. For all the CO2 injection scenarios, 7 of the 13 still active water 
injectors are used for CO2 injection. As CO2 is injected, water is injected using the remaining injectors. 
CO2 and water are then injected simultaneously (but using different injection wells, avoiding then the 
well corrosion induced by a simultaneous presence of water and CO2) throughout the full prediction 
period, the average water/gas ratio for the whole CO2 injection period being about 1/3.5 in the base CO2 
injection scenario..    
3.2. Impact of production constraints on hydrocarbon recovery 
A first sensitivity study has been performed using COUGAR™ [12], a software based on experimental 
design theory and response surface methodology by varying two production parameters in the Iva CO2 
injection base case scenario: 
x The maximum allowed Gas Oil Ratio (GORmax) at surface conditions for the producers.  
x The bottom hole limit pressure for the injectors (PLIMinj), the producer bottom hole limit pressure 
being kept 30 bar below PLIMinj, this pressure difference corresponding roughly to keeping, during 
the CO2 injection, the same pressure gradient across the field as that established during the water 
injection period. 
 
In the base simulation, the GORmax was set up at 1000 Sm3/Sm3. When the simulated GOR reaches 
the GORmax value, the simulator will automatically shut down the perforations responsible of the GOR 
increase. In case of CO2 injection with a particular concern about CO2 storage, a control of the GOR 
allows also for a control of the amount of CO2 produced. The range of GORmax considered in the 
sensitivity study is from 1000 to 2600 Sm3/Sm3. 
 
The range of PLIMinj considered in the sensitivity study is from 120 to 210 bar, the value being 150 
bar in the base case simulation. 
 
(a) 
(b) 
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A second sensitivity study has been performed exactly in the same way, the only difference being in 
component parameters of the reservoir fluid modeling: the binary interaction coefficients of the CO2 with 
the other components, which are very influent on the dissolution of CO2 into the reservoir oil, have been 
all set to zero in the second study. In such a way, the dissolution of CO2 into the reservoir oil is higher 
and the miscibility between CO2 and reservoir oil is more easily achievable.  
 
For each sensitivity study, 15 numerical simulations have been run. The first and second sensitivity 
studies are labeled respectively as "less swelling" and "more swelling", implicitly for oil swelling by CO2, 
in what follows. 
 
The results of each sensitivity study have been then processed to provide analytical surface responses, 
expressed dimensionless, and parameterized by the two GORmax and PLIMinj production parameters. In 
a next step, these analytical models have been implemented as the core of customized KM type Excel 
spreadsheets for further use as simplified scalable reservoir models.  
 
Fig. 4 shows the influence of the CO2 dissolution potential of the reservoir fluid through the 
comparison of the results of cumulated incremental oil production and CO2 storage versus time, obtained 
with the two fluid models for various GORmax values. The PLIMinj parameter which has been used in 
these simulations is 130 bar, the pressure regime for all the corresponding simulations being definitively 
that of non miscible conditions. Bigger the CO2 dissolution potential of the reservoir fluid, higher the oil 
recovery and larger the quantity of stored CO2, this trend has been observed for all the constraining 
pressure PLIMinj values, even when dynamic miscible conditions cannot be met, as illustrated in Fig. 4.  
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Fig. 4. Iva case: results of cumulated incremental oil production (top) and CO2 storage (bottom) versus time, PLIMinj parameter set 
to 130 bar, for various GORmax values and for two fluid models: (a) “low swelling” ; (b) “high swelling”. 
Fig. 5 shows the impact of the production constraints GORmax and PLIMinj on rescaled results of 
cumulated incremental oil production versus time obtained from the analytical surface responses.  All the 
curves are drawn using exactly the same scales (abscissa and ordinate). A first observation is that 
increasing the reservoir pressure causes a delay in production at the beginning of the CO2 injection: this is 
as expected given that the reservoir pressure at the start of the CO2 injection is fixed by the history, and 
given that an increase of the injection pressure induces a reservoir re-pressurization, as a constant 30 bar 
pressure gradient is kept between injectors and producers. Allowing a bigger injector/producer pressure 
gradient could have reduced the observed production time-lag, but could have also precipitated the CO2 
breakthrough (CO2 being much more mobile than water). 
 
A second observation is that the control of the CO2 production by shutting the perforations on a 
constraint of the production gas-oil-ratio at the well level is unfavorable to the oil production. This also is 
not very surprising since it is known that a noticeable quantity of oil can be produced after the CO2 
breakthrough. However, it was somewhat expected that controlling the well GOR could contribute to a 
better sweep efficiency of the reservoir.  
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Fig. 5. Iva case: results of cumulated incremental oil production versus time for various GORmax and PLIMinj values: (a) 130 bar ; 
(b) 150 bar ; (c) 210 bar. 
The variability on the incremental oil recovery is found to increase with the injection time after the 
CO2 breakthrough time. Considering both sensitivity studies, the incremental oil recovery is found to be 
from 3.6 to 9.0 % of the oil still in place at the beginning of the CO2 injection, mean value being 6.3 %. 
The mass of CO2 injected needed to recover 1 SM3 oil is found to vary between 2.59 and 2.92 tons/SM3, 
mean value being 2.76. 
 
What has appeared afterwards is that it should have been more advisable to control the field GOR 
rather than individual well GOR. With the production conditions which have been used, it appears finally 
that a reservoir re-pressurization does not contribute to increase the oil recovery, in an extent higher than 
what was expected from the effect of production delay due to the reservoir re-pressurization. The well 
configuration which has been used, conjugated with this effect of a same pressure control for CO2 
injectors and water injectors (i.e. an injection pressure 30 bar above the producer limiting pressure), has 
caused an increase of the overall injection water/gas ratio, as a companion effect of the reservoir re-
pressurization. Other sensitivity studies should then be run to look for more optimal production scenarios. 
 
3.3. Conclusions 
Then, from these results, one can conclude that: 
x A software based on experimental design theory and response surface methodology is usable for 
generating dimensionless curves, parameterized with production constraints as limiting 
injection/production pressures and production gas-oil ratio ;   
x The resulting curves can be used to test various production scenarios on a given field, but also 
potentially as a pressure dependent scalable reservoir model to be coupled with other similar simplified 
reservoir models representing other analogous fields in simulations for designing a large scale CO2 
transportation infrastructure ; 
x As usually expected, the more miscible the conditions at the start of the CO2 injection, the higher the 
oil recovery is ; but, in case of an already depleted reservoir, betting on a reservoir re-pressurization to 
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get (or restore) miscible conditions might reveal to be very disappointing since it does not lead 
necessarily to an increase of the oil recovery.   
 
4. Gas reservoir case 
4.1. Field presentation 
The Ursa field is a mature gas field located in the Szeged region. The gas is a rather lean condensate 
gas (0.85 % maximum liquid dropout in the reservoir), with an initial CO2 content about 10 %. The 
production by depressurization started more than forty years ago, the production peak being observed 
after twenty years of production. The field is producing presently 0.3 to 0.4 106 SM3/D. The total number 
of wells being 47, only half of them were still producing after forty years. The pressure has declined 
down to 25 bar, far below the initial reservoir pressure (330 bar) and below the initial reservoir gas dew 
point pressure (277 bar), this leading to some condensate dropout in the reservoir. No active aquifer being 
present, and no water being injected, the level of water production, mainly due to evaporation and/or 
compaction, has remained low. 
 
The field is composed of 3 main geological units: Miocene, Trias, and a highly fissured crystalline 
basement, separated from each other by impermeable zones. Although these highly stratified (and 
heterogeneous) main units look firstly to be poorly vertically connected, they have been demonstrated to 
behave mainly as a single hydrodynamic system, this being due to a conductive fracture/fault network. In 
addition, the field is laterally discontinuous, and has been subdivided into two compartments. 
 
The available already history-matched reservoir model has been used without any modification except 
for the fluid modeling. For gaining computation time in the sensitivity studies, the initial 8-component 
lumped representation has been replaced by a 4-component lumped representation (CO2 base component 
plus three pseudo-components: "Light", "Intermediate" and "Heavy") using the same methodology as that 
used for the oil field case [11], both representations being built from the same 17-component reference 
fluid representation. Fig. 6 shows that the 4-component fluid representation reproduces nicely the 
behavior of the 8-component representation, this being confirmed further by very close results of 
reservoir simulations with the two fluid models.   
 
Fig. 7 shows the reservoir grid, and the well positions: the three producers chosen to be recompleted as 
CO2 injectors are situated down-dip in the field periphery. Only the eleven most up-dip producers are kept 
opened during the CO2 injection period, the intermediate producers being closed to avoid a too early CO2 
breakthrough. A cross-section, exaggerated in the Z-direction, shows the poor vertical connectivity 
between the reservoir units. Among the three main geological units, only the Trias unit is submitted to 
CO2 injection.   
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Fig. 6. Ursa case: comparison of the 4-component and 8-component fluid modeling (a) reservoir fluid phase envelope ; (b) 50/50 
CO2 + reservoir fluid mixture phase envelope ; (c) CO2 swelling operation at reservoir temperature 
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Fig. 7. Ursa case: (a) reservoir grid with wells, those to be recompleted for CO2 injection being indicated by white spots ; (b) cross-
section showing the lack of vertical connection between the geological layers. 
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4.2. Impact of production constraints on hydrocarbon recovery 
In addition to a baseline "blow-down" scenario, multiple scenarios of CO2 injection have been 
simulated using different production constraints as shown in Fig. 8.  
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Fig. 8. Ursa case simulation results versus time:  (a) CO2 injection rate ; (b) average reservoir pressure ; (c) gross gas production rate 
; (d) hydrocarbon gas production rate. 
The same three injectors and eleven producers are used for all the CO2 injection scenarios, the CO2 
injection starting after a 6-month well shut-in period for recompleting the wells. In all CO2 injection 
simulations, the injectors are working firstly at a fixed rate, then, as the bottom hole pressure constraint is 
met, the injection rate is declining, this being illustrated in Fig. 8(a). 
 
The base line scenario (without any CO2 injection), labeled "B" in Fig. 8, consists in a continuation of 
the reservoir depressurization until reaching the abandonment pressure (see Fig. 8(b) which shows the 
evolution of the reservoir pressure), using all the producers still active at the end of the history period.   
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In Fig. 8 (c) and (d), are shown respectively the gross gas production rate and the mass of stored CO2, 
computed as the difference between the mass of injected CO2 and the mass of produced CO2. The mass of 
stored CO2 is negative at the start of CO2 injection, because of the CO2 natural content in the reservoir 
gas. 
 
The base CO2 injection scenario, labeled "0" (pink line), differs from the other CO2 injection scenario 
by a shortened production period at a rather high gross gas production rate. CO2 injection is continued 
after the producer closure, this second period being then a pure CO2 storage period. This base CO2 
injection scenario is the only "produce then store" CO2 injection scenario. In the other CO2 injection 
scenarios, gas is produced at a lower rate than the CO2 injection rate, this allowing for re-pressurizing a 
reservoir re-pressurization, then for storing CO2. 
 
The injectors being located down-dip, the conditions of CO2 injection are optimal with respect to the 
conformance efficiency: CO2 being denser than the gas in place, gravity contributes to stabilize the 
displacement, the gas-gas displacement is a "fully" miscible displacement (neglecting the condensate 
dropout), and the mobility ratio is favorable (CO2 is more viscous). However, the injected CO2 breaks 
through rather early, this causing a rapid decline of the hydrocarbon gas production rate (hydrocarbon gas 
= gross gas – CO2), as it is shown in Fig. 9(a), although the gross gas production rate is maintained 
constant (see Fig. 8 (c)). Looking at Fig. 9(b), - this showing a snapshot of the CO2 molar fractions in a 
cross-section at a given time close to the CO2 breakthrough time -, it can be observed that the injected 
CO2, denser than the gas in place, is channeling at the bottom of the formation, this being analogous to a 
gravity instability known as a Dietz tongue phenomenon, one description of which being that given by 
Fayers et al. (1990) [13]. 
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Fig. 9. Ursa case simulation results:  (a) hydrocarbon gas production rate versus time; (b) grid block CO2 molar fraction in the gas 
phase in a cross-section of the reservoir at a given time close to the CO2 breakthrough time. 
The dimensionless results of these simulations are shown in Fig. 10 (a) and (b), respectively the 
hydrocarbon gas cumulated production and the CO2 cumulated production, versus the injected CO2 
volume, the scaling factor being the initial gas in place (IGIP). 
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Fig. 10. Ursa case dimensionless simulation results versus dimensionless CO2 injection volume:  (a) hydrocarbon gas cumulated 
production; (b) CO2 cumulated production. 
Despite the dimensionless presentation cumulated HC gas production versus cumulated CO2 injected, 
the curves are obviously not superimposed, this showing that the results of a CO2 injection in 
compressible light/volatile fluids are definitively a function of the pressure evolution during the injection 
process.  
 
The incremental hydrocarbon gas production is then due to the imbricate effects of the CO2 injection 
and of the reservoir pressure evolution during the CO2 injection (decline as in the scenario "0", or re-
pressurization in the other scenarios).  
 
Assuming that one can decouple the two effects, one could write the incremental HC gas production as 
the sum of two separate contributions: 
 
Incremental HC Gas production = f1(Pressure management) + f2(CO2 injection) (1) 
 
A model relying on such a simplifying assumption has been tested on the results of the various 
scenarios. In equation (1), f2(CO2 injection) represents the hydrocarbon (HC) gas production due to the 
CO2 drive. This contribution has been computed a posteriori from the results of the various injection 
scenarios using equation (2), in which the f1 function has been evaluated from a very simplified material 
balance computation based on the single phase gas reservoir description of Craft & Hawkins (1991) [14]. 
For estimating the f1 term, a reservoir average pressure and an averaged gas composition (in particular an 
averaged CO2 molar fraction) have been used to compute the P/Z ratio (pressure divided by the gas 
compressibility factor) present in the material balance equation.  
 
f2(CO2 injection) = Incremental HC Gas production   f1(Pressure management) (2) 
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Fig. 11 shows that the f2 function curves obtained for the various scenarios, of reservoir 
depressurization (scenario 0) and re-pressurization, have approximately a same shape, which can be 
reproduced using an analytical model.  
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Fig. 11. Ursa case dimensionless simulation results: f2 function versus dimensionless CO2 injection volume 
The analytical model which has been used is analogous to that adopted by McCoy (2008) [15]. The 
analytical model is formulated to model a fully unstable miscible displacement in a heterogeneous porous 
medium characterized by a viscous fingering phenomenon. The key parameter of the model is a 
generalized Koval number K, product of an effective mobility factor M with a heterogeneity factor H and 
a gravity correction factor G. The dotted red curve has been obtained using K = 3, this value being 
obtained by fitting the numerical simulation results, not from an a priori estimation.   
 
Such an analytical model reduces then the apparent variability of the scenario responses, and allows 
for an extrapolation of the main trend. One drawback is that usually available reservoir characterization 
does not include any estimation of a reservoir-scale Koval number. Finding an estimation of the 
generalized Koval number from numerical simulations, using a methodology similar to that presented 
here, can be considered as a practically acceptable procedure to the extent that the numerical dispersion is 
not distorting the results. In the present case, it is thought that the numerical dispersion represents roughly 
the physical dispersion which has not been considered explicitly, but data are missing for confirming this 
point.   
 
Another drawback is that, for applying dimensionless curves obtained from data of a given gas field A 
to another analogous gas field B, the data processing for re-dimensioning the dimensionless curves needs, 
in addition to the knowledge of the B reservoir pressure at the start of the CO2 injection, to set a scenario 
for the reservoir pressure variations, i.e. a scenario for the evolution of the production constraints arising 
from the surface facility network.  
4.3. Conclusions 
Multiple scenarios of CO2 injection in the Ursa field have been simulated using different conditions of 
injection/production rates and pressures.  
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A summary of the results is: 
 
x CO2 EGR is found to be highly sensitive to injection rate and pressure management. A blow-down 
scenario allows definitively for getting the maximum gas recovery in a minimum time, but does not 
optimize the CO2 storage. Gas production scenarios which allow reservoir re-pressurization are more 
favorable to the CO2 storage, but delay the gas production. Any optimization is depending on local 
constraints and on the balance between the hydrocarbon gas production revenue, CO2 storage 
costs/revenues and CO2 storage environmental objectives.  
x The dimensionless analysis of the results shows that there is no unique reservoir dimensionless 
response, if the pressure variations in the reservoir are not accounted for.  
x CO2 EGR, even in the most favorable injection conditions for getting a stabilized displacement front, 
is found to be impacted by "Dietz like" gravity driven instability. An analytical Koval type model 
appears usable for modeling this phenomenon. 
x Setting a scenario for the evolution of the production constraints is mandatory for getting a CO2 EGR 
production profile.   
 
5. Summary 
Methods allowing for a quick evaluation of CO2 EOR/EGR production profiles are needed for deriving 
reservoir conceptual models to be used in techno-economical simulations for the CO2 value chain.   
 
The approach followed for getting simplified modeling of CO2 injection in two mature reservoirs, one 
oil field located in Croatia, one gas field located in Hungary has been presented. The impact of production 
constraints on hydrocarbon recovery, and on CO2 storage, has been quantified for getting the range of 
hydrocarbon recovery and CO2 storage associated to a range of possible operational scenarios.  
 
The mature field cases which have been used to develop a methodology for reservoir conceptual 
modeling can be considered as representative of various stratified and compartmentalized reservoirs in 
Central Europe. For both reservoir cases, fully compositional reservoir models have been used for 
providing predictions of hydrocarbon recovery and CO2 storage under various production constraints. 
 
The results of a CO2 injection in compressible light/volatile fluids being definitively a function of the 
pressure evolution, the injection/production profiles are shown to be largely impacted by operational 
choices concerning a pressure maintenance or re-pressurization strategy, or concerning the reduction of 
the control of the CO2 production. In case of CO2 EOR, re-pressurizing the reservoir in view of getting 
more miscibility may reveal to be detrimental to the oil recovery. Hydrocarbon recovery optimum is 
found not to coincide with that of CO2 storage, for both field cases. A decision-making balance between 
CO2 EOR/EGR and CO2 storage is then a major source of variability for the incremental hydrocarbon 
recovery and CO2 storage capacity. 
 
Any simplified reservoir modeling should thus allow for considering the reservoir pressure evolution 
and external production constraints, one possible approach being to use software based on experimental 
design theory and response surface methodology for getting a parameterization of the simplified reservoir 
model to the production constraints. 
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